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ABSTRACT





) and neutralino (~
0
1
) in the minimal supersymmetric standard model with R-parity at the








in the region of parameter space allowed by the R
b
data and the CDF ee + 6E
T
event, and then
consider all possible backgrounds and investigate the possibility of observing this nal state at the
Tevatron. We nd that this nal state is unobservable at Run 1. However, Run 2 can provide
signicant information on this new decay mode of the top quark: either discover it, or establish a
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1. Introduction
Because of its large mass, the top quark has the potential to be a sensitive probe for new
physics. In strongly interacting theories, such as top condensation and extended technicolor,
the top quark plays an essential role in the electroweak symmetry breaking and in the
understanding of avor physics. In weakly interacting theories, such as supersymmetry
(SUSY) [1], the heavy top quark provides a solution to the electroweak symmetry breaking














decays dominantly into c~
0
1
, this SUSY decay
mode of the top quark will give rise to a new nal state in t











A careful study of this nal state is well motivated since the presently allowed parameter
space [3][4] of the minimal supersymmetric standard model (MSSM), implied by the ee+ 6E
T
event at CDF [5] and the LEP R
b



















































one loop processes [6], with a branching fraction of almost 100%
3
. Therefore searching for
this nal state may be a powerful tool for probing SUSY at FNAL.






nal state in t

t production was rst discussed








b. In this article,
in the framework of the MSSM with the lightest neutralino being the LSP, we will present
a detailed analysis including all the possible backgrounds. In particular, we rst determine







) in the region of parameter space allowed by the R
b
data
and the ee+ 6E
T
event at CDF, and then show what additional constraints can be imposed
on the allowed parameter space if this nal state is not observed at the Tevatron. We nd a







) in the presently allowed parameter space [3][4], and, as
a result, we nd that Run 2 can either discover this new decay mode or provide an additional








  6 GeV. However, our results show







) is as large as 0.5, it is unobservable at Run 1.







) in the region of parameter space allowed by the R
b




Electroweak baryogenesis in SUSY requires a light stop to have a strong rst order phase transition [2].
3


















and thus its partial width is negligibly small.
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at the Tevatron. And nally in Sec. 4 we present a summary.








It was found that in order to explain all of the presently available low energy data the









of the order of M
W








in our analyses. The interaction Lagrangian




) and neutralino (~
0
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are the elements of the 4  4 matrix N which







has been calculated to
one-loop level in Refs. [9] and [10]. Here we neglect the loop corrections, which are only on


























































where (x; y; z) = (x  y   z)
2
  4yz.






























is the ratio of the vacuum
expectation values of the two Higgs doublets. If the ee + 6E
T
event is due to ~e
L
pair





















G is the gravitino), the region of the parameter
space allowed by both the ee + 6E
T
event and the R
b
data are given as [3]
50 M
1







 1:6;  65     35 GeV;
0:5  jj=M
1









 80 GeV: (6)
If the ee + 6E
T
event is due to ~e
R
pair production, the allowed region is [3]
60 M
1







 1:15;  60     35 GeV;
0:5  jj=M
1









 80 GeV: (7)








)  0:50; (8)








)  0:50: (9)
So, if the ee + 6E
T
event is explained by the MSSM with the lightest neutralino being the







must occur at a branching ratio larger than 0.07.
Upper bounds for this exotic decay of the top quark can also be derived from the available
data at FNAL. Currently, the FNAL top quark pair production counting rate is interpreted



























do not have enough leptons or jets to be included in the dileptonic, leptonic or
hadronic event samples, they are invisible to the current counting experiments at FNAL. So





















. Note that in
our analyses we neglected the SUSY eects [13][14] in t

t production and thus the theoretical
value of [t





. The production cross section measured by
4








If charged Higgs is light enough, t ! H
+
b is also possible; its phenomenological implications at Tevatron
have been studied [11]. The FCNC decays t ! cZ; c; cg; ch are negligibly small in R-parity conserving
MSSM [12].
3
















dilepton, lepton+jets and all-hadronic channels, respectively [15]. The SM expectation for
















































0:23 lepton + jets channel
0:41 all  hadronic channel:
(10)
Here the upper bound from lepton+jets channel is comparable to the upper bound of 0.25 [7]
obtained by a global t to the available data. If the possible enhancement of t

t production

















Under the assumption that the top (or anti-top) decays via the normal weak interactions







, and the light stop decays to c~
0
1
, then the nal






. Due to the large QCD backgrounds, it is very dicult to search
for the signal from the hadronic decays of W at the Tevatron. We therefore look for events
with the leptonic decay of the W . Thus, the signature of this process is an energetic charged
lepton, one b-quark jet, one light c-quark jet, plus missing E
T





s. We assumed silicon vertex tagging of the b-quark jet with 50% eciency



























(6) gb! tW ;






The quark-gluon process (7) can occur with a W-boson intermediate state in either the t-
channel or the s-channel. We found backgrounds (6) and (7) to be negligible since they have
an extra jet, and can mimic our signal (before b-tagging) only if a jet is missed in the detector.
The background process (5) can mimic our signal if both W 's decay leptonically and one
charged lepton is not detected, which we assumed to occur if the lepton pseudo-rapidity and
transverse momentum satisfy (l) > 3 and p
T
(l) < 10 GeV, respectively.
To simulate the detector acceptance, we made a series of basic cuts on the transverse
momentum (p
T
), the pseudo-rapidity (), and the separation in the azimuthal angle-pseudo-






) between a jet and a lepton or between two jets.




















 0:5 : (13)
Further simulation of detector eects is made by assuming a Gaussian smearing of the energy
of the nal state particles, given by:
E=E = 30%=
p
E  1%; for leptons ; (14)
= 80%=
p
E  5%; for hadrons ; (15)
where  indicates that the energy dependent and independent terms are added in quadrature
and E is in GeV.

























: Without smearing, m
T
is always less than
M
W
(and peaks just below M
W
) if the only missing energy comes from a neutrino from W
decay, which is the case for most of the background events (single top, Wbb, Wjj). Smearing
pushes some of this above M
W
. For the signal m
T
is spread about equally above and below
M
W




The results with dierent cuts are shown in Table 1. For convenience the numerical
results shown are obtained without including the appropriate branching ratios; the actual
cross sections are found by multiplying the given values by the branching fraction factors






) and 1   x = B(t ! bW ). The products of the appropriate branching
5










s = 2 TeV and an integrated luminosity of 10 fb
 1
for Run 2.
At Run 1, with the basic andm
T
cuts the number of background events is always less than








allowed by Eq.(8) or (9). Thus the signal is unobservable at Run 1 under the criteria
S  3
p
B + S, which corresponds to the 95% condence level (C.L.) if we assume Poisson
statistics. The m
T
cut hurts the signal, but, as we pointed out above, it reduces the back-
ground much more than the signal. Even when the m
T
cut is relaxed, this nal state is
unobservable at Run 1.







). In Fig. 1











for the signal to be observable at 95% C.L. The region








) > 0:07 (the minimum value allowed by Eqs. 8 and 9), Run 2 can detect this








  5 GeV. This means that if this signal is









  5 GeV; (17)
can be placed on the region of Eq.(8) allowed by the R
b















for the signal to be observable under the
stricter discovery criteria S  5
p
B. In this case we see that if this signal is not observed at









  6 GeV; (18)
can be placed on the allowed region of Eq.(8).



















> 10 GeV [17]. Our results in Fig.2 show that








 6 GeV, Run 2 can explore the entire presently allowed
parameter space. In order words, if this nal state is not seen at Run 2, only a very small part









We conclude by noting that the more precise t

t cross section measured at Run 2 will







) given in Eq.(10). However, as our
















) much smaller than the upper limits obtained by measuring the t

t cross section.
In any event, further constraints on the parameter space can be made through searching for
this nal state.
4. Summary
In the framework of the MSSM with the lightest neutralino being the LSP, we rst







) in the present allowed
region of parameter space and found a lower bound of 0.07. Then we investigated the
















. We found that:
(a) This nal state is unobservable at Run 1 ;









  5 GeV if S  3
p









  6 GeV if we require S  5
p
B.
In our analysis, we neglected the possibility of the enhancement of the top pair production
cross section in the MSSM. In particular, the gluino pair production might be signicant,[14]








. This will not aect our conclusion signicantly
since it will give a nal state with more jets than the signal we are considering. With such







) can be relaxed
up to 50%[14], which will enhance the observability of this new mode at the Tevatron and
strengthen our conclusion.
Acknowledgements
This work was supported in part by the U.S. Department of Energy, Division of High
Energy Physics, under Grant Nos. DE-FG02-91-ER4086 DE-FG02-94-ER40817, and DE-
FG02-92-ER40730. JMY acknowledges partial support provided by the Henan Distinguished




[1] For a review see, e.g., H.E. Haber and G.L. Kane, Phys. Rep. 117, 75 (1985).
[2] See, e.g., M. Carena, M. Quiros and C.E.M. Wagner, hep-ph/9710401.
[3] S. Ambrosanio, G.L. Kane, G. D. Kribs, S. P. Martin, and S. Mrenna, Phys. Rev.
Lett. 76, 3498 (1996); S. Dimopolous, M. Dine, S. Raby and S. Thomas, Phys.
Rev. Lett. 76, 3502 (1996);
[4] D. Garcia and J. Sola, Phys. Lett. B357, 349 (1995); J. D. Wells and G. L. Kane,
Phys. Rev. Lett. 76, 869 (1996); P. H. Chankowski and S. Pokorski, Phys.
Lett. B366, 188 (1996); For earlier studies of SUSY eects in R
b
, see, A. Djouadi,
G. Girardi, C. Verzegnassi, W. Hollik and F.M. Renard, Nucl. Phys. B349, 48
(1991); M. Boulware and D. Finnell, Phys. Rev. D44, 2054 (1991); C.S. Li, J.M.
Yang and B.Q. Hu, Commun. Theor. Phys. 20, 213 (1993).
[5] S. Park, \Search for New Phenomena in CDF", 10
th
Topical Workshop on Proton{
Anti-proton Collider Physics, edited by Rajendran Raja and John Yoh, AIP Press,
1995.
[6] K.-I. Hikasa and M. Kobayashi, Phys. Rev. D36, 724 (1987).
[7] S. Mrenna and C.P. Yuan, Phys. Lett. B367, 188 (1996).
[8] J.F. Gunion and H.E. Haber, Nucl. Phys. B272, 1 (1986).
[9] H. Baer and X. Tata, Phys. Lett. B167, 241 (1986); V. Barger and R.J.N. Phillips,
Phys. Rev. D44, 884 (1990); H. Baer, M. Drees, R. Godbole, J.F. Gunion and X.
Tata, Phys. Rev. D44, 725 (1991); M. Drees and D.P. Roy, Phys. Lett. B269, 155
(1991); R.M. Godbole and D.P. Roy, Phys. Rev. D43, 3640 (1991); K. Hidaka,
Y. Kizukuri and T. Kon, Phys. Lett. B278, 155 (1992); R.M. Barnett, R. Cruz,
J.F. Gunion and B. Hubbard, Phys. Rev. D47, 1048 (1993).
[10] A. Djouadi, W. Hollik and C. Junger, Phys. Rev. D54, 5629 (1996); C.S. Li, R.J.
Oakes and J.M. Yang, Phys. Rev. D54, 6883 (1996).
[11] J. Guasch and J. Sola, hep-ph/9707535.
[12] C.S. Li, R.J. Oakes and J.M. Yang, Phys. Rev. D49, 293 J.M. Yang and C.S.
Li, Phys. Rev. D49, 3412 (1994); G. Couture, C. Hamzaoui and H. Konig,
8
Phys. Rev. D52, 171 J.L. Lopez, D.V. Nanopoulos and R. Rangarajan, hep-
ph/9702350 G. Couture, M. Frank and H. Konig, hep-ph/9704305; G.M. de Divi-
tiis, R. Petronzio and L. Silvestrini, hep-ph/9704244; J. Guasch, hep-ph/9710267
[13] C.S. Li, B.Q. Hu, J.M. Yang and C.G. Hu, Phys. Rev. D52, 5014 (1995); J.M.
Yang and C.S. Li, Phys. Rev. D52, 1541 (1995); J. Kim, J.L. Lopez, D.V.
Nanopoulos and R. Rangarajan, Phys. Rev. D54, 4364 (1996); J.M. Yang and
C.S. Li, Phys. Rev. D54, 4380 (1996); C.S. Li, H.Y. Zhou, Y.L. Zhu, J.M. Yang,
Phys. Lett. B379, 135 (1996); S. Alam, K. Hagiwara and S. Matsumoto, Phys.
Rev. D55, 1307 (1997); Z. Sullivan, Phys. Rev. D56, 451 (1997); W. Hollik,
W.M. Mosle and D. Wackeroth, hep-ph/9706218.
[14] G.L. Kane and S. Mrenna, Phys. Rev. Lett. 77, 3502 (1996).
[15] D.W. Gerdes, hep-ex/9706001.
[16] See, for example, E.L. Berger and H. Contopanagos, Phys. Lett. B361, 115 (1995);
Phys. Rev. D54, 3085 (1996); hep-ph/970626.
[17] ALEPH Collaboration, CERN-PPE/97-084, 1997.
9
Figure Captions











for the signal to be observable at Run 2
under the criterion S  3
p
B + S. The region above the curve is the observable region.





Typical signal and background cross sections in units of fb after various cuts at the Tevatron.
The basic cuts are p
all
T
 20 GeV ; 
all
 2:5 and R  0:5, and the transverse mass cut is
m
T

















= 40 GeV. We have also everywhere assumed the use of silicon vertex tagging of
the b-quark jet with 50% eciency and the probability of 0.4% for a light quark jet to be
mis-identied as a b-jet. The charge conjugate channels have been included. The numerical
results do not include the branching fractions for the top and anti-top decays; the actual
cross sections are found by multiplying the given cross sections by the branching fraction








Run 1 Run 2 BF factor
basic cuts basic+m
T











206 114 287 162 2x(1-x)
qb! q
0





b 32.0 1.77 39.0 2.25 1  x
Wb

b 113 2.04 132 2.50 1
Wjj 392 2.30 505 2.88 1
t

t 5.69 2.72 7.9 3.82 (1  x)
2
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